We present a study of dissociative electron attachment and vibrational excitation processes in electron collisions with the CF 3 Cl molecule. The calculations are based on the two-dimensional nuclear dynamics including the C-Cl symmetric stretch coordinate and the CF 3 symmetric deformation (umbrella) coordinate. The complex potential energy surfaces are calculated using the ab initio R-matrix method. The results for dissociative attachment and vibrational excitation of the umbrella mode agree quite well with experiment while the cross section for excitation of the C-Cl symmetric stretch vibrations is about a factor of three low as compared to experimental data.
I. INTRODUCTION
and what is the energy range where a particular bond breaking can occur. This informa- The most common method for studies of dynamics on multidimensional surfaces is the 27 wave-packet propagation technique [7] . Recently, this approach was used to calculate the 
the fixed-nuclei approximation. In Sec. IV we present our results for DEA and VE.
48

II. THEORETICAL APPROACH
49
In our previous work [1] we constructed a two-dimensional local complex potential (LCP) [12]. Cross sections of the DEA calculated using the two-dimensional model are factor of 58 three higher than experimental values and one-dimensional non-local calculations [13] . This 59 discrepancy was attributed to the inconsistencies between the real and imaginary part of 60 the complex PES used in the model [1] . It is the aim of this work to construct a two-61 dimensional model of the nuclear dynamics along the same lines as in [1] , however using 62 a more consistent complex PES. We performed molecular ab initio R-matrix scattering 63 calculations in the fixed-nuclei approximation for a set of nuclear geometries including both 64 degrees of freedom corresponding to the C-Cl distance R and F-C-Cl angle ϑ. We fitted 65 the eigenphases obtained from these R-matrix calculations at energies close to the resonance 66 position to the Breit-Wigner formula with an energy-dependent background [14] and using 67 the resonance position and width we constructed the complex PES. This approach is free of 68 any presumption on the dependence of the complex PES on the F-C-Cl angle and removes 69 the need for any arbitrary extension in this coordinate used in [1] . In addition, the fixed-
70
nuclei resonance width is calculated at the same level of the theory as the position.
71
3
The ab initio molecular R-matrix method is well known and widely used for fixed-nuclei of the method and its technical implementation.
75
The eigenphase sums calculated using the R-matrix method for a set of nuclear geome-76 tries were fitted using the Breit-Wigner formula taking into account the dominant dipole well approximated by the following expression:
where R 0 is the background R-matrix including all the terms due to remaining poles of the 82 R-matrix, E λ is position of the pole closest to the resonance, γ λ is corresponding amplitude 
where Γ λ is the resonance width and ∆ λ is the level shift (amount by which the resonance 87 energy is shifted from the pole E λ ). curve asymptotically, as discussed in [1] .
109
The LCP calculations of the DEA and VE presented here were performed in a similar 110 way as described in Ref. [1] . The basic equation of the LCP theory reads
where ρ and r are the reaction coordinates introduced to decouple the two-dimensional 112 operator of the nuclear kinetic energy [1] . U(ρ, r) − iΓ(ρ, r)/2 is the complex PES of the 
where ǫ ν are the corresponding eigenenergies 
One note should be made at this point regarding the asymptotic behavior of the coupling 126 potential. The PES in [1] was extrapolated in such way that U(R → ∞, r) → V (∞, r).
127
The extrapolation asymptotically matches the ab initio potential energy curve of the CF Therefore, in our present calculations we expand the wave function χ E (ρ, r) in the basis set
135
of eigenfunctions ϕ ν (r) given by the equation
where ε ν are the vibrational energies of the CF 3 fragment without the harmonic approxima-137 tion. The corresponding coupling potential has the following form:
Therefore, in the present work the extrapolated PES is consistent with the asymptotic 139 treatment of the CF 3 fragment that allows for convergence of the population of vibrational 140 states of CF 3 produced by the DEA process.
141
In the present work we also use a different method to solve the system of coupled ra-142 dial equations. In Ref. [1] we used direct outward integration of the system of differential bound-state energies calculated using the R-matrix approach.
163
As it was discussed previously [1] , in our calculations the PES V and U for the neutral 
173
Calculations were performed using Gaussian type orbitals (GTOs) and the UK polyatomic an abelian subgroup of the true C 3v symmetry of CF 3 Cl.
176
A. Target representation
177
The CF 3 Cl was represented using Hartree-Fock (HF) molecular orbitals (MOs). In order
178
to construct a target model sufficient for the purpose of the dynamical calculations, we 179 performed several tests with different target models to select the best compromise between 180 the quality of the target representation and the computational tractability of the (N + 1) - 
as the ordering of VOs changes with nuclear geometry. Using the notation of the C 3v point 200 group, the active electrons are taken from the following set of HF orbitals: (1a 2 , 10a 1 , 7e).
201
The degenerated e-orbitals in this set are well localized on the chlorine atom, the 10a 1 -202 orbital is spread along the C-Cl bond and the 1a 2 orbital contributes to the C-F bonds.
203
The calculations were performed using the 6-311G* GTO basis set [18, 19] . values calculated using our models (at equilibrium nuclear geometry) with the previously 212 published data is shown in calculation. We found that the lowest six target states represent a considerable contribution.
232
Adding more target states did not increase the value. As can be seen in Table I show that the polarization effects have a minor effect on the results of the LCP calculations.
240
Target properties discussed above are all calculated at the equilibrium nuclear geometry.
241
However, for our calculations of the nuclear dynamics it is important to know how well can 242 our target model reproduce the harmonic vibrational frequencies of the neutral molecule.
243
Comparison of our calculated values with the previously published result is showed in Ta vibrational degrees of freedom in our model.
247
We can conclude that our CAS CI model 1 represents the neutral target sufficiently 248 enough to be used in our ab initio R-matrix calculation. R-matrix calculations performed 249 at the equilibrium nuclear geometry can be used to obtain the vertical attachment energy.
250
Correct value of this quantity is essential for our calculations of the resonant nuclear dy- 
as the ordering of VOs changes with nuclear geometry. Therefore, in this model we extend 272 the space of VOs and reduce the number of active electrons as compared with model 1.
273
Properties of the target calculated at the equilibrium nuclear geometry are summarized in 274 of the dipole moment than model 1, however its value is still low enough to not to introduce 280 a significant error in the position and width of the resonance. We also calculated the static 281 dipole polarizability at equilibrium nuclear geometry using this model and found that its In order to check the quality of this representation we calculated the harmonic frequency 294 of the umbrella mode. Its comparison with previously published value is given in Table II .
295
It shows that our calculated harmonic frequency is slightly higher than the experimental 296 value, but they are in a good agreement to confirm that our model is a suitable choice for 297 representation of the CF 3 radical.
298
B. Scattering model
299
The R-matrix calculations were performed using a sphere with radius r Ω =15 a 0 . Cor- The corresponding cross section for elastic 2 A 1 scattering is presented in Fig. 1 our dipole moment at the equilibrium internuclear separation is too big (see Table I ), it is 333 evident that our elastic cross sections are strongly overestimated at low energies.
334
There were 12 target states included in our CC expansion (three lowest in singlet and section is meaningless unless the angle θ min can be found from the experimental geometry.
359
The purpose of plotting the experimental cross section in Fig. 1 diffuse character of the anionic bound state with energy close to the autodetachment limit.
367
The position and width of the fixed-nuclei resonance as a function of the nuclear geometry
368
were obtained by fitting the eigenphases at energies close to the resonance to the Breit-
369
Wigner formula with energy-dependent background performed at each nuclear geometry of 
376
IV. CALCULATIONS OF THE NUCLEAR DYNAMICS
377
A. Dissociative electron attachment
378
The total DEA cross section calculated using our two-dimensional LCP approach is plot-379 ted in Fig. 2 shift of the peak in the total DEA cross section with respect to the VAE as well as in the of the neutral PES determine where the anionic system becomes stable. Subsequently, it 400 has an influence on the survival probability. The crossing seams obtained from the present an artifact of too low density of the grid of nuclear geometries used to calculate the PES.
408
In addition, the fact that the complex energies in the region, where the anion is metastable 409 are obtained in different way than the eneries of the bound anion, also raises the numerical 410 issues with exact determination of the crossing seam and partially also contibutes to the 411 oscillatory structure present in Fig. 3 .
412
Comparisons of local two-dimensional and one-dimensional results with nonlocal one-
413
dimensional results are given in Refs. [1, 38] . The agreement between the local and non-414 local results is very good because the resonance occurs at a relatively large energy, and the 415 long-range interaction plays a minor role. PES constructed from the R-matrix results gives the highest peak for ν = 1, the PES 425 described in [1] leads to the highest peak for vibrational state ν = 3, as can be seen in 
449
The previously published one-dimensional non-local calculation of VE [13] takes into 450
